SUMMARY In 15 patients with severe chronic left ventricular failure, plasma renin activity (PRA) ranged widely, from 0.2-39 ng/ml/hr. The level of PRA was unrelated to cardiac output (CO) or pulmonary artery wedge pressure (PWP), but was slightly negatively correlated with mean arterial pressure (MAP) (r = -0.45) and systemic vascular resistance (SVR) (r = -0.40). After infusion of the angiotensin converting enzyme inhibitor teprotide (SQ 20,881) PWP fell from 26.3 ± 1.3 (SEM) to 20.3 ± 1.4 mm Hg (P < 0.001), CO rose from 3.94 ± 0.23 to 4.75 ± 0.31 1/min (P < 0.001), MAP fell from 87.5 ± 3.8 to 77.9 ± 4.1 mm Hg (P < 0.001) and SVR from 1619 ± 148 to 1252 ± 137 dyne-sec-cm-5 (P < 0.001). The fall in MAP and in SVR was significantly correlated with control PRA (r = 0.68 and r = 0.58, respectively). When subjects were divided on the basis of control PRA the hemodynamic response to teprotide was greatest in the high renin group. PRA rose after teprotide (8.7 ± 3.4 to 37.9 + 7.7 ng/ml/hr, P < 0.05) but plasma norepinephrine fell (619.1 ± 103.6 to 449.7 ± 75.7, P < 0.05). The renin-angiotensin system thus appears to have an important role in the elevated SVR in some patients with heart failure. Chronic inhibition of converting enzyme should be explored as a possible therapeutic approach.
IN PATIENTS WITH LOW cardiac output (CO)
due to heart failure, arterial pressure usually is supported by a rise in systemic vascular resistance. Several mechanisms could contribute to this systemic vasoconstriction, including neural, hormonal and structural factors. An understanding of the mechanism of the vasoconstriction of heart failure has taken on particular importance because of the recent interest in using vasodilator drugs in the treatment of left ventricular failure. ' Increased activity of the renin-angiotensin (R-A) system has been demonstrated in clinical and experimental heart failure. 2 9 Since angiotensin is a potent vasoconstrictor substance,10 enhanced renin activity in patients with heart failure could be an important factor in the systemic vasoconstriction.
The introduction of a competitive inhibitor of angiotensin II (saralasen)" and of a converting en-zyme inhibitor (teprotide) which blocks the conversion of angiotensin I to angiotensin II12 has provided fairly specific means of studying the activity of the R-A system. Johnson and Davis13 found that normal dogs had no significant change in blood pressure after infusion of saralasen, whereas sodium-depleted dogs and those with low CO secondary to thoracic caval obstruction had significant lowering of blood pressure. Watkins et al. '4 used teprotide in a dog model of rightsided heart failure and found that the R-A system was important in maintaining arterial pressure early in the course of heart failure but not later, after plasma volume had re-equilibrated. Gavras et al. ' 1 described a patient with hypertensive heart failure in whom saralasen exerted a marked vasodilator effect.
Since saralasen has angiotensin-like agonist properties,16 the hemodynamic response to this drug does not provide a precise assessment of the circulatory effects of inhibiting the R-A system. In contrast, the converting enzyme inhibitor teprotide (SQ 20, 881) blocks much of the endogenous generation of angiotensin II without producing any direct vasoconstrictor effect of its own. In the present study we have evaluated the hemodynamic effects of teprotide in 15 non-hypertensive patients with severe left ventricular failure in an attempt to quantitate the role of the R-A system in the 763 maintenance of systemic vasoconstriction in this syndrome.
Methods
Studies were performed on 15 hospitalized patients with chronic congestive heart failure (table 1). Seven had the diagnosis of ischemic heart disease based on a previous documented myocardial infarction or coronary angiography. The other eight had cardiomyopathy without apparent ischemia. One (patient 10) had previously had an aortic valve prosthesis inserted for aortic insufficiency. The other seven had no known etiology for their myocardial disease. All patients had been symptomatic for at least six months and were on chronic treatment with digitalis and diuretics. Several had been previously treated with oral vasodilator drugs. Diuretics and vasodilators were withheld for at least 24 hours before study. Ten of the patients were assessed to be in class IV (New York Heart Association) heart failure and five in class III. The study protocol was approved by the Committee on the Use of Human Subjects in Research.
All patients were studied in the fasting state and in the supine position. After informed consent was obtained, right heart catheterization was performed using a #7 thermodilution Swan-Ganz flow-directed balloon-tipped catheter (Edwards Laboratories, Santa Ana, California) inserted percutaneously or by cutdown via an antecubital or femoral vein. The brachial artery was cannulated with a short teflon catheter advanced over an 18-gauge thin-walled needle. Pressures were monitored with P23D Statham pressure transducers positioned at the midaxillary line and a Hewlett-Packard multichannel direct writing recorder. An ECG lead was monitored continuously during the study.
After the catheters were positioned the patients were allowed to rest for 1 hour before baseline data and blood samples were collected. Right atrial (RAP), pulmonary artery free (PAP) and occluded pressure (PWP) and arterial pressure (AP) were then recorded. CO was determined in triplicate by the thermodilution technique17 using an Edwards 9510 thermodilution CO computer. Blood specimens were obtained for measurement of plasma renin activity (PRA) by the method of Sealey et (table 2) . Heart rate fell slightly, but the change was not statistically signiflcant. The CO rose by an average of 21% (P < 0.001), while SVR was reduced by an average of 23% (P < 0.001), PVR fell 31% (P < 0.001) and PAR fell by 11% (NS).
The fall in arterial pressure and in SVR in response to teprotide were significantly corrclated with control PRA (r 0.68 and r 0.58, respectively) (figs, I and 2). The rise in CO was weakly related to PRA (r = 0.38). When subjects were divided arbitrarily into three groups on the basis of control PRA, the hemodynamic response was greatest in the high renin group ( fig. 3 ).
PRA increascd after teprotide from an average of 8.7 to 37.9 ng/ml/hr (P < 0.05). The rise appeared to be greatest in subjects with high control PRA ( fig. 4 ).
The effect of the teprotide gradually waned, but at I hour after the final injection MAP and PWP were still significantly lower than in the control period (Ag. 5), PRA, however, remained markedly elevated 4 hours after teprotide administration (average 51.0 i 12.6 22 The fall in SVR in these patients with heart failure was significantly correlated with the control PRA, but a role for kinininduced vasodilation cannot be excluded.
These data therefore suggest that the R-A system plays a role in supporting the SVR in heart failure. The mechanism of the stimulation of renin in heart failure is not entirely known. A reduction in renal perfusion, stimulation of renal sympathetic nerves, increased circulating catecholamines, or alteration in the sodium load presented to the macula densa, all could be involved.23 24 The sympathetic nervous system could enhance renin release either through a hemodynamic effect on the renal vasculature or by direct neural or humorally mediated stimulation.23' 24 It is notable, therefore, that circulating norepinephrine levels were not closely correlated with PRA in these patients with heart failure. Consequently, it must be assumed either that sympathetic nervous system stimulation is not the major factor stimulating renin release in the setting of clinical heart failure or that the circulating level of catecholamines provides an unreliable guide to activity of the sympathetic nervous system. The wide range of values for PRA in this group of Abbreviations: MAP = mean arterial pressure; HR = heart rate; PAP = mean pulmonary artery pressure; PWP = pulmonary wedge pressure; RAP = right artial pressure; CO = cardiac output; SVR = systemic vascular resistance; C = control; T = teprotide. patients with heart failure is unexplained. The level of PRA appeared to be unrelated to the severity of the heart failure as assessed by CO, PWP or SVR. Since diet was not controlled in these patients and diuretics had been administered to some up to 24 hours before study, varying states of sodium balance must be considered as a factor in the variation in PRA. However, in contrast to sodium-restricted or diuretic-treated normal subjects in whom renin rises because of volume depletion, these patients with congestive heart failure were not hypovolemic. PWP was markedly elevated in all of them, RAP was elevated in all but one, and pulmonary congestion and peripheral edema were present in most. Therefore, it is unlikely that previous diet or diuretic therapy had a dominant effect on the level of PRA in these subjects or on their response to teprotide. Nonetheless, further studies of the effect of salt intake and treatment on the PRA in congestive heart failure are needed.
The fall in SVR in response to teprotide is consistent with a reduction in circulating angiotensin II levels. The rise in CO is typical of the response to nonspecific vasodilator drugs in patients with heart failure. 25 The fall in RAP, though modest, is greater than is seen when comparable patients are given hydralazine, a drug that is devoid of a systemic venodilator effect.26 Therefore, the response suggests a modest venodilator effect of teprotide. Since angiotensin appears to lack a significant venoconstrictor action,27 28 the apparent venodilator effect could be attributed to the concomitant fall in circulating norepinephrine levels noted in these patients. Indeed, Indeed, heart rate often falls during vasodilator treatment of heart failure, thus suggesting that sympathetic outflow may be paradoxically inhibited.33
The present data therefore suggest that a converting enzyme inhibitor may be an effective vasodilator in at least some patients with heart failure. The recent synthesis of an orally effective inhibitor of converting enzyme makes it likely that chronic blockade of angiotensin II generation will be possible." On the basis of the present preliminary observations, further exploration of the therapeutic potential of inhibiting angiotensin effect in selected patients with heart failure is justified. SUMMARY The etiology of afterload elevation in congestive cardiac failure is unclear, but experimental evidence suggests a role for the renin-angiotensin system in maintaining elevated peripheral vascular resistance. The angiotensin converting enzyme inhibitor SQ20,881 was administered to eight patients with congestive cardiac failure (four hypertensives, four normotensives) during or one day after diagnostic cardiac catheterization. Various hemodynamic measurements performed before and during blockade indicate that this agent caused improvement in cardiac function in all patients by decreasing afterload. This improvement correlated with the decrease in total vascular resistance but was independent of the baseline blood pressure and plasma renin activity. These results suggest that inhibition of angiotensin converting enzyme is a worthwhile approach to the treatment of congestive heart failure, although its exact mechanism of action remains unclear.
THE ROLE OF THE renin-angiotensin system in congestive cardiac failure is not fully understood. This condition is usually characterized by decreased cardiac output and increased left ventricular end-diastolic pressure accompanied by raised peripheral resistance. Measurements of plasma renin activity and angiotensin in experimental or clinical heart failure have yielded conflicting results, with reports of either high, normal or low levels.'`4 A recent experimental study5 seemed to reconcile these contradictory findings by using angiotensin blockade in different stages of congestive cardiac failure. The data have suggested that the renin-angiotensin system remained activated only when circulatory impairment was severe or compensation was inadequate. Thus, uncompensated cardiac failure, like other low cardiac output states, may exhibit elevated plasma renin activity leading to raised From the Department of Medicine and the Cardiac Catheterization Laboratory, Boston University Medical Center, Boston, Massachusetts.
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peripheral vascular resistance in order to maintain effective arterial pressure. However, the resulting increased impedance to left ventricular outflow could, conceivably, further depress cardiac performance.6
Elimination of angiotensin in this case might induce a fall in peripheral vascular resistance resulting in left ventricular unloading and thus constitute a rational form of therapy.
In this study, we studied the effects of angiotensin blockade by the converting enzyme inhibitor SQ20,881
(teprotide) on cardiovascular hemodynamics in eight patients -four hypertensive and four normotensive -undergoing conventional medical therapy for congestive cardiac failure and varying degrees of coronary insufficiency.
Methods Patients with recent severe congestive heart failure were studied either at the time of diagnostic cardiac catheterization (six patients) or the day after catheterization in the coronary care unit (two patients). All patients received conventional doses of digitalis and diuretics. Vasodilating agents were withheld for 48 hours. They were maintained on a 2,000 mg NaCl diet. At the time of the study their functional class ranged from II-IV. Indications for catheterization included evaluation of valvular heart disease, left ven-
